A method for estimating the fatigue life of wire ropes for elevators was developed.
Introduction
Wire ropes of elevators are repeatedly bent when they go through sheaves and pulleys during the operation of elevators, as shown in the schematic view of an elevator in Fig.1 .
Friction also occurs between the wire rope and the sheaves and pulleys. The repeated bending of the rope by the sheaves and pulleys causes bending stress and fatigue in the rope. In particular, friction between wires at the surface of the wire rope causes the rope to wear. These factors combine to give the wire rope a fatigue life-governed by wear and fatigue of the individual wires. One kind of wire rope consists of a central hemp rope and wire strands, which consist of steel wires wound around the central rope. When this kind of rope is used in an elevator, wires at the rope surface break first because of the wear between the wire and sheaves and pulleys [1] . Some methods for estimating the fatigue life of wire rope have previously been proposed. These methods assume the fatigue life of wire rope is determined by the wear life of wires at the surface of the wire rope [2] [3] . Another kind of wire rope, independent wire rope core (IWRC), consists of a central strand made of steel wires and other strands, which are also made of steel, wound around the central strand.
When IWRC is used as an elevator wire rope, its fatigue life is determined by the fretting fatigue of the wires [4] . There have been many studies on the factors that affect fretting fatigue of wire rope [5] [6] [7] . In the current study, we developed a method for estimating the fatigue life of wire rope under bending stress by sheaves and pulleys. The method takes into account the fact that the fatigue life of wire rope is determined by the fretting-fatigue life of the wires. The factors that affect fretting-fatigue life, i.e., bending-stress range and contact pressure, were calculated with finite-element analysis. Based on the results from fretting-fatigue tests of steel wires, a fretting-fatigue database was constructed. The fretting-fatigue life of each wire was estimated from the calculated factors and data from the fretting-fatigue database. The fatigue life of wire rope was estimated by stochastic calculations taking into account variations in the fretting-fatigue lives of individual wires. 
Stress Analysis

Whole-Model Analysis and Estimation of Deformation of Wire Rope
A wire rope consists of between ten and several hundred steel wires. The finite element (FE) model usually used for analyzing the stress on a wire rope is very complex, and we could not conduct the stress analysis with this model because of insufficient calculation time and lack of computer memory. We therefore conducted a zooming analysis, which consists of a whole-model analysis and a detailed analysis. Figure 2 shows the FE model used for whole-model analysis. To reduce the model size in the whole-model analysis, we simply modeled a strand, which consists of several steel wires, into a cylinder. According to the tensile test of a strand, the Young's modulus of a strand was found to be 80 GPa. A contact-boundary condition was applied between the wire rope and sheave. The wire rope was pulled and bent to deform in the shape of the sheave. A nonlinear geometry model was used because the wire rope has a large deformation, so a model based on small deformation cannot be used. The stress analysis was conducted with MSC. ABAQUS Ver. 6.2. Figure 3 shows the finite-element mesh used for the detailed analysis. In the mesh, each individual wire in a strand is divided up into detailed elements. During the detailed analysis, displacement boundary conditions (determined by the deformation of a strand as calculated by the whole-model analysis described in subsection 2.1) were applied to the mesh. The displacement boundary conditions were applied to all nodes at the ends and center of each strand because wires may slide freely against other wires. The contact boundary condition was applied to every pair of wires. The friction factor was assumed to be zero because the contact pressure calculated by the detailed analysis is not affected by the friction factor. The detailed analysis was conducted using the explicit dynamic method with LS-DYNA Ver.
Detailed Analysis and Estimation of Contact Pressure between Wires
9.6. This is because it is difficult to conduct using the implicit static method because of the numerous contact surfaces between the wires. Figure 4 shows the stress contours created by the contact between the wires, as calculated by the zooming stress analysis. It also shows the deformation in the wires. The wires are pulled, pressed, and bent when the rope is pulled and bent; therefore, contact stress occurs between the wires. The contact stress on the wires near the center of the strand is larger than that on those farther from the center of the strand because the wires are pressed toward the center of the strand when the rope is pulled.
To estimate the fretting-fatigue life of the wires, contact stress is converted to contact force. The fretting-fatigue life estimation is conducted by using the fretting-fatigue database, which is described in section 3. Figure 5 shows the method for calculating the contact force between the wires. In this method, Hertz's stress [5] on parallel wires is assumed to be equal to the Hertz's stress on right-angled wires. Figure 6 shows the contact forces on the wires in each layer. Clearly, the contact force on a wire in the first layer (δ1) is the largest of all the contact forces on the wires. We therefore conclude that the fatigue life of δ1 wires is less than that of the other wires. 
Fretting-Fatigue Test
Fretting Fatigue Test Specifications
To calculate the fretting-fatigue life of wires, we conducted a fretting-fatigue life test on the wires (Fig 7) . The device used for the fretting-fatigue test consists of an actuator and a coil spring. The actuator imparts a tensile load on the wire. The coil spring imparts a contact force on the wire. Load cells were used to measure fluctuations in tensile load and contact force. To prevent the wire from buckling, we set the fluctuating load equal to the pulsating tensile load. We then determined the relation between the tensile load amplitude, contact force, and fretting fatigue life. Figure 8 shows the relation between the stress amplitude, contact force, and fretting-fatigue life, as extracted from the data in the fretting-fatigue database. In the figure, the vertical axis represents the normalized stress amplitude, the horizontal axis represents the fretting fatigue life, and the depth axis represents the contact force between the wires.
Test Results
The deepest graph, in which the contact force equals zero, shows a typical result from the fatigue life test. The three key points regarding this relation are as follows.
(1) The fretting-fatigue life decreases as the stress amplitude increases for all contact forces.
(2) The fretting-fatigue life decreases as the contact force increases for all stress amplitudes.
(3) The effects of the stress amplitude on the fretting-fatigue life decrease as the contact force increases; therefore, a fatigue limit exists.
When the stress amplitude and contact force are given, the fretting-fatigue life can be estimated from the data in the fretting-fatigue database. 
Prediction of Fatigue Life of Wire Rope
The fatigue life of the wire rope was predicted from the stress-analysis results and the data in the fretting-fatigue database. The predicted fatigue life was compared with the fatigue-test results. Figure 9 shows a schematic view of the fatigue test performed on the wire rope. In the figure, the wire rope is wound around a pulley and a sheave with a brake.
Each end of the wire rope is wound around a large sheave. The large sheaves are pulled in order to impart a tensile load on the wire rope. They also spin back and forth to let the wire rope go through and bend around the small sheave and pulley. Traction is also exerted on the wire rope by the sheave with the brake. The method for estimating the fatigue life of the wire rope is based on the following assumptions.
(A) The wires do not break because of wearing due to friction between the sheave and the wires or due to wire fatigue; that is, they break because of the fretting fatigue of the wires.
(B) The data on the fretting-fatigue limit of the wires follows a normal distribution. The standard deviation of the distribution is within 8% of the fatigue limit because the fatigue limit of heat-treated steel follows a normal distribution, and its standard deviation is within 8% of its fatigue limit [10] .
(C) The initial contact force, bending-stress amplitude, and tensile stress are calculated by stress analysis. When wires break, the increase in the contact force, bending-stress amplitude, and tensile stress is inversely proportional to the residual section area of the wire rope.
(D) Only the contact force, bending-stress amplitude, and tensile stress are affected when wires break. Other effects (e.g., deformation of the wire rope) are negligible. (which is calculated with equation 4, and the relation extracted from the data in the fretting fatigue database, as shown in Fig 8) . We assume that the fretting fatigue limit follows a normal distribution in the calculation. We also assume that increases in the tensile stress and the fluctuation in tensile stress due to traction and contact forces are inversely proportional to the residual section area of the wire rope. When the rope is bent, the wire stress includes the tensile stress (average stress), bending stress, and the fluctuation in stress due to traction. The effect of the average stress is taken into account in a modified Goodman diagram [11] .
( )
III. The weakest remaining wire breaks at the end of its fretting-fatigue life. The remaining strength of the wire rope is then calculated in proportion to its remaining section area.
where N f0 is the fatigue life of the previously broken wire, N fmin is the minimum value of N f calculated from Equation (1), F 0 is the initial strength of the wire rope, A 0 is the initial section area of the wire rope, and A is the remaining section area of the wire rope.
IV. Cumulative damage is calculated in all remaining wires by Miner's rule [11] namely, the cumulative value of the fretting fatigue life of the wire that breaks in step III divided by the fretting fatigue life of each wire.
where D i0 is the cumulative damage of wires when the previous wire breaks.
V. Return to step II. Repeat steps II through IV until all wires break. However, the remaining strength calculated using this method is a little less than that based on the test result. This is because we assumed that the variation in the contact force is negligible, and wires break in the same section of the wire rope. The test results showed wires δ1 and δ0 break but the other wires rarely break. The test result is consistent with the estimation because the contact forces acting on δ1 and δ0 are stronger than those acting on the other wires, so wires δ1 and δ0 break first. 
Conclusion
A technique based on zooming stress analysis for calculating the magnitude of the stress acting on a bent wire rope, a test for determining the fretting-fatigue life of wires, and a method for estimating the fatigue life of a wire rope under cyclic bending conditions were developed. the fretting-fatigue life of wires was assumed to follow a normal distribution.
The technique was used to estimate the fatigue life of a wire rope. The following findings were thus made.
(1) The contact forces between the wires in the inner layers are larger than those between the wires in the outer layers.
(2) The results of the fretting-fatigue estimation based on zooming stress analysis and data from a fretting-fatigue database are consistent with the fatigue-test results.
(3) The results show that the wires in the inner layer break before those in the outer layer. The estimation results are consistent with the test results.
